Ginsenoside Rg1 has been demonstrated to have cardiovascular protective effects. However, whether the cardioprotective effects of ginsenoside Rg1 are mediated by endoplasmic reticulum (ER) stress-induced apoptosis remain unclear. In this study, among 80 male Wistar rats, 15 rats were randomly selected as controls; the remaining 65 rats received a diet rich in fat and sugar content for 4 weeks, followed by intraperitoneal injection of streptozotocin (STZ, 40 mg/kg) to establish a diabetes model. Seven days after STZ injection, 10 rats were randomly selected as diabetic model (DM) controls, 45 eligible diabetic rats were randomized to three treatment groups and administered ginsenoside Rg1 in a dosage of 10, 15 or 20 mg/kg/day, respectively. After 12 weeks of treatment, rats were killed and serum samples obtained to determine cardiac troponin (cTn)-I. Myocardial tissues were harvested for morphological analysis to detect myocardial cell apoptosis, and to analyse protein expression of glucose-regulated protein 78 (GRP78), C/EBP homologous protein (CHOP), and Caspase-12. Treatment with ginsenoside Rg1 (10-20 mg/kg) significantly reduced serum cTnI levels compared with DM control group (all P < 0.01). Ginsenoside Rg1 (15 and 20 mg/ kg) significantly reduced the percentage of apoptotic myocardial cells and improved the parameters of cardiac function. Haematoxylin and eosin and Masson staining indicated that ginsenoside Rg1 could attenuate myocardial lesions and myocardial collagen volume fraction. Additionally, ginsenoside Rg1 significantly reduced GRP78, CHOP, and cleaved Caspase-12 protein expression in a dose-dependent manner. These findings suggest that ginsenoside Rg1 appeared to ameliorate diabetic cardiomyopathy by inhibiting ER stress-induced apoptosis in diabetic rats.
Introduction
With the increasing prevalence of diabetes, diabetic complications have attracted considerable attention. Diabetic cardiomyopathy is defined as myocardial structural and functional abnormalities that are independent of hypertension, coronary heart disease, valvular heart disease and related cardiac disorders [1] . The disease manifests itself as focal myocardial necrosis, caused by metabolic disturbances and microvascular complications, subclinical cardiac dysfunction and ultimately progresses to heart failure, arrhythmia, cardiogenic shock and sudden death. Diabetic cardiomyopathy is a major contributor to morbidity and mortality in diabetic patients [2] . A recent epidemiological study reported a 1.1% prevalence of diabetic cardiomyopathy in the general population and 16.9% among diabetic patients. Further, the study revealed a 31% incidence rate of death or heart failure in patients with diabetic cardiomyopathy [3] . Therefore, early detection and management of diabetic cardiomyopathy is a key priority in diabetes patients.
Diabetic cardiomyopathy is characterized by myocardial dilatation or hypertrophy, and impaired systolic or diastolic function of the left ventricle. The underlying mechanisms for the pathogenesis of diabetic cardiomyopathy are not completely understood. Diverse molecular mechanisms such as oxidative stress, inflammation, myocardial fibrosis, endoplasmic reticulum (ER) stress and apoptotic cell death have all been proposed as potential contributed factors in the pathogenesis of diabetic cardiomyopathy [4] . Cardiocyte apoptosis has been demonstrated in the hearts of diabetic individuals [5] and in streptozotocin (STZ)-induced diabetic rats [6, 7] . Earlier studies have demonstrated ultrastructural evidence of swelling and dilation of ER in the diabetic myocardium model [8, 9] . Endoplasmic reticulum stress leads to unfolded protein response that is considered to be an adaptive response aimed at attaining ER homeostasis. Further, ER stress-induced apoptosis is known to play a key role in the pathogenesis and progression of diabetic cardiomyopathy [10, 11] . Glucose regulated protein (GRP) 78 is considered as an early regulator of ER stress [12, 13] . On persistence of ER stress, apoptotic processes are promoted by C/EBP homologous protein (CHOP) and Caspase-12, and Jun pathway [14] [15] [16] . Moreover, treatment with exendin-4 [17] , metallothionein [18] , irbesartan [19] and timolol [20] ameliorated diabetic myocardial lesions by reducing ER stressinduced apoptosis. These findings suggest that ER stress may be a therapeutic target in diabetic cardiomyopathy.
Currently, there are no specific drugs for the treatment of diabetic cardiomyopathy. Panax ginseng has been used for the treatment of various diseases for thousands of years. Ginsenoside Rg1 is one of the most important ingredients in Panax ginseng [21] . Cardiovascular protective effects of ginsenoside Rg1 have been attributed to its inhibition of cell apoptosis and reduction in oxidative stress [22] . Studies investigating myocardial protective effects of ginsenoside Rg1 have mainly concentrated on hypertrophic cardiomyopathy [23] , acute myocardial infarction [24] , myocardial ischaemia/reperfusion [25] . No previous study has investigated the effect of ginsenoside Rg1 on diabetic myocardial damages. The objective of this study was to investigate the effects of ginsenoside Rg1 on diabetic cardiomyopathy in STZ-induced diabetic rats, and to investigate whether the cardioprotective effects of ginsenoside Rg1 were mediated through inhibition of ER stress-induced apoptosis.
Materials and methods

Materials
The study protocol was approved by the Animal Care and Use Committee of the University of Jilin. Eighty male 4-week-old Wistar rats (200 AE 20 g) were purchased from the Animal Center of Jilin University (Animal Certificate number: SCXK-Ji 2008-0005). The rats were housed at a temperature of 23 AE 2°C and 55 AE 2% humidity. The animals had free access to tap water and normal rat diet prior to the start of the experiment. Ginsenoside Rg1 with high-performance liquid chromatographic analysis of the purity of >98% was obtained from the College of Pharmacy of Jilin University. Streptozotocin was obtained from Sigma Chemical Co., St. Louis, MO, USA. terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) staining kit was obtained from Promega Co., Madison, WI, USA. Goat polyclonal anti-GRP78, anti-CHOP and anti-Caspase-12 were obtained from Abcam Biological Products Co. Ltd, Cambridge, UK.
Experimental protocol
All rats were acclimatized to the environment for a period of 1 week before the start of the experiment. Out of the 80 Wistar rats, 15 rats were randomly selected as normal controls; another 65 rats received a high-fat and sugar diet (base material 66.6%, sucrose 20%, 10% lard, 0.4% cholesterol, 3% egg yolk powder) for 4 weeks, followed by intraperitoneal injection of STZ 40 mg/kg in 0.1% pH 4.5 citric acid buffer solution to induce a diabetic model (DM). Blood glucose levels were determined with SureStepPlus Blood Glucose Meter (Johnson & Johnson Co., New Brunswick, NJ, USA). A successful induction of a DM was considered when, 7 days after STZ injection, the rat had blood glucose levels >16.7 mmol/l for three consecutive days. Eight rats died from complications of diabetes after STZ injection; two rats were ruled out for unsuccessful diabetic induction. The other 55 rats that developed diabetes were assigned to one of the following four groups using a random number table: DM (N = 10), ginsenoside Rg1 (10 mg/kg/day; N = 15), ginsenoside Rg1 (15 mg/kg/day; N = 15) and ginsenoside Rg1 (20 mg/kg/day; N = 15). Ginsenoside Rg1 was administered daily by intraperitoneal injection for 12 weeks. Rats in the normal control group received the same volumes of 0.9% saline solution.
Sample collection and cardiac function measurement
After 12 weeks of treatment, all rats were killed under anaesthesia attained with intraperitoneal injection of 2 ml of 3% pentobarbital sodium. Images were obtained with the transducer placed on the rat's shaved chest in a left lateral decubitus position. Echocardiography was performed using Philips7500 with a 15-MHz transducer (Sonos 7500, Amsterdam, NL). The left ventricular end diastolic diameter (LVEDD), left ventricular posterior wall thickness (LVPWD), left ventricular shortening fraction (LVFS) and left ventricular ejection fraction (LVEF) were measured by M type ultrasound. A pulsed Doppler method was applied to determine the E and A peaks of the apical four chamber, and the ratio of E/A was calculated.
Blood samples obtained from the abdominal aorta were then centrifuged at 2095 9 g for 10 min. The supernatant was collected for determination of cardiac troponin (cTn)-I levels. After collecting blood samples, rat hearts were dissected and washed with 0.9% cold saline; vessels, and connective tissue around the heart, atrial and right ventricular tissue was separated. Harvested cardiac tissue was cut into two parts: the apical tissues were immediately frozen in liquid nitrogen until Western blot analysis; remaining tissues were fixed in 10% neutral buffered formalin.
Determination of cardiac enzymes
Cardiac troponin-I levels were determined by using the AU400 automatic Biochemical Analyzer (Olympus Co., Tokyo, Japan).
Histological evaluation
Isolated heart issues were paraffin embedded and the tissue specimens were cut into 5 lm sections for subsequent haematoxylin and eosin staining. Masson staining was employed to detect interstitial fibrosis. Images were visualized by using a light microscope (Olympus BX51; Olympus Co.) and digital imaging system (Olympus DP71; Olympus Co.). The haematoxylin and eosin-stained images were observed at 4009 magnification; tissue sections stained with Masson stain were examined at 409 magnifications. The investigators involved in histological evaluation were blinded to the study group. Images of the stained sections were analysed with Image-Pro Plus 6.0 image analyses software (Media Cybernetics, Rockville, MD, USA). The myocardial collagen volume fraction (CVF) was calculated as the collagen area/total area. We selected five visual fields of per section, took 15 sections from each group and then calculated the mean CVF.
Detection of apoptotic cells
Apoptotic cells were detected by using a commercially available TUNEL assay kit (Promega Co), as per the manufacturer's instructions. Briefly, sections were deparaffinized with xylene, dehydrated with graded alcohol, digested with proteinase K (20 lg/ml) for 15 min. at room temperature. After immersing in PBS for 5 min., sections were incubated with a terminal deoxynucleotidyl transferase solution in a 37°C humidified room for 60 min. The enzymatic reactions were terminated by soaking sections in the stop buffer and gently washing with PBS. Streptavidinhorseradish peroxidase solution was added to each section and incubated in a dark chamber for 30 min. at room temperature. After washing with PBS, slides were exposed to 3,3 0 -diaminobenzidine (DAB; Golden Bridge Biotechnology, Peking, China) for 5-7 min. After washing, slides were counter stained with haematoxylin. The stained slides were examined under a light microscope (Olympus BX51; Olympus Co.) and analysed with a computer-assisted colour image analysis system (Image-ProPlus 7.0; Media Cybernetics). The TUNEL-positive nuclei of cardiomyocytes were quantified by randomly counting 10 different microscopic fields (9400) for each section. The ratio of apoptotic myocardial cells was calculated by dividing the number of TUNEL-positive nuclei by the total number of counted nuclei.
Detection of the presence of GRP78, CHOP and Caspase-12
Immunohistochemical analysis was performed for assessing the expression of GRP78, CHOP and Caspase-12. In brief, after deparaffinization, endogenous peroxidases in the sections were blocked with 0.3% hydrogen PBS, followed by treatment with 1% bovine serum albumin for 60 min. at room temperature. Goat monoclonal anti-GRP78, anti-CHOP or anti-Caspase-12 primary antibodies at 1:50 dilution were added to the sections overnight at 4°C. The sections were washed with PBS and incubated with biotinylated secondary antibody and streptavidin-horseradish peroxidase solution. After washing with PBS, sections were incubated with DAB (Roche, Mannheim, Germany) for 5 min., and counterstained with haematoxylin. PBS instead of primary antibody was used to serve as the negative control. The stained sections were visualized using a light microscope (Olympus BX51; Olympus Co.) at 4009 and analysed with a computer-assisted colour image analysis system (Image-ProPlus 6.0; Media Cybernetics). The density of immunopositive nuclei was determined randomly in five microscopic fields per section and the average optical density was calculated for each group.
Determination of GRP78, CHOP and Caspase-12 protein levels
Western blot analysis was used to detect GRP78, CHOP and Caspase-12 protein expression in the myocardial tissues. Briefly, total proteins from cardiomyocytes were extracted as described in a previous study [26] and the protein concentration was determined by the Bradford method. Eighty micrograms of the extracted total protein was separated by 12% SDS-PAGE and transferred to nitrocellulose membranes. The membranes were blocked with 5% bovine serum albumin for 40 min., followed by incubation with the primary antibodies against GRP78 (1:500 dilution), CHOP (1:500 dilution), Caspase-12 (1:500 dilution) or b-actin (1:500 dilution) at 4°C overnight. The membranes were then washed three times with TBS-Tween and incubated with the appropriate secondary antibody at a dilution of 1:500 for 90 min. Protein contents were detected using an enhanced chemiluminescent reagent. The densitometry of bands was quantified by using Image-Pro Plus 6.0 system (Media Cybernetics) and expressed relative to the b-actin bands.
Data analyses
All results were expressed as mean AE S.D. Comparisons between study groups were made by one-way analysis of variance, followed by Bonferroni's post hoc test. Data were analysed with SPSS (version 17.0) software (SPSS Inc., Chicago, IL, USA), and P < 0.05 was considered as statistically significant.
Results
Basic characteristics
Rats in the control group were treated with a normal amount of diet and water intake, and maintained a normal bodyweight and white shiny fur. The rats fed on a diet rich in fat and sugar had a significant increase in bodyweight. After STZ injection, polydipsia, polyuria or polyphagia symptoms gradually worsened with a slower reaction time. Moreover, the fur turned noticeably dry in the diabetic rats. Bodyweight began to decrease after STZ injection; the weight loss was statistically significant as compared to that of the control group at the end of the experiment (P < 0.01). Compared with the untreated diabetic rats, rats treated with ginsenoside Rg1 had an increase in bodyweight and the difference in weight was statistically significant in the group treated with high doses of ginsenoside Rg1 (20 mg/kg) (Fig. 1) .
Effects of ginsenoside Rg1 on echocardiographic parameters
Echocardiographic parameters of cardiac function are summarized in Table 1 . Compared with the normal control group, LVEF, LVFS and E/A were significantly lower and LVEDD or LVPWD were significantly higher in the untreated diabetic group (all P < 0.05). Ginsenoside Rg1 15 or 20 mg/kg treatment were associated with an improvement in LVEF, LVFS, E/A and LVEDD compared with untreated diabetic group (P < 0.05 or P < 0.01). Ginsenoside Rg1 10 mg/kg treatment was associated with a decreased LVPWD value than those in the untreated diabetic group (P < 0.05). 
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Effects of ginsenoside Rg1 on serum cTn-I levels As shown in Figure 2 , serum cTn-I levels in the untreated diabetic group were significantly higher than those in the normal control group (0.32 AE 0.012 versus 0.007 AE 0.003 lg/l, P < 0.01). Ginsenoside Rg1 treatment was associated with a decreased cTn-I levels to 0.12 AE 0.008 lg/l at 10 mg/kg, to 0.08 AE 0.005 lg/l at 15 mg/ kg and 0.012 AE 0.006 lg/l at 20 mg/kg, compared with the untreated diabetic group (all P < 0.01).
Effects of ginsenoside Rg1 on myocardial pathological abnormalities
On haematoxylin and eosin staining (Fig. 3A) , myocardial cells in the normal control group appeared to be more compact and arranged in an orderly manner, with bright red cytoplasm and centrally located oval nuclei. No dissolved muscle fibres or any evidence of vacuolar degeneration and mononuclear cell infiltration were observable. However, in the untreated diabetic group, disorderly arranged myocardial cells, uneven cytoplasm distribution, rupture of myocardial fibres and irregular nuclei were visualized. Ginsenoside Rg1 treatment attenuated the above myocardial injury, particularly in rats that were administered high doses of ginsenoside Rg1. As shown on Masson staining (Fig. 3B) , in the normal control group, intact collagen fibres and no obvious myocardial interstitial collagen deposition were found. In the untreated diabetic group, myocardial cells showed an irregular arrangement and increased interstitial collagen fibres in the intercellular and perivascular space. Ginsenoside Rg1 treatment reduced the collagen fibres (green belt), particularly in high-dose ginsenoside Rg1 rats. As shown in Figure 4 , CVF in the untreated diabetic group significantly increased compared with the control group (P < 0.01). Ginsenoside Rg1 15 or 20 mg/kg treatment was associated with a decreased CVF (all P < 0.05).
Effect of ginsenoside Rg1 on myocardial cell apoptosis
As shown in Figure 5A , there were no TUNEL-positive myocardial cells in the control group; evidence of increased myocardial cell apoptosis was observed in untreated diabetic rats. The percentage of apoptotic myocardial cells in the untreated diabetic group was significantly higher than that in the normal control group (62.5 AE 7.59% versus 3.23 AE 1.32%, P < 0.01) (Fig. 5B) . Ginsenoside Rg1 treatment was associated with a decreased percentage of apoptotic myocardial cells to 58.23 AE 4.65% at 10 mg/kg, to 44.25 AE 6.58% at 15 mg/kg and 30.68 AE 2.88% at 20 mg/kg, compared with the untreated diabetic group (P < 0.05 at 15 or 20 mg/kg).
GRP78, CHOP and Caspase-12 expression by immunohistochemical analysis
In Figure 6A , the yellow or brown staining of the cytoplasm represents positive immunostaining for GRP78. On optical density analysis, positive staining optical density of GRP78 was significantly higher in the untreated diabetic group than in the normal control group (P < 0.01). Treatment with ginsenoside Rg1 reduced the positive staining optical density of GRP78 in a dose-dependent manner. The positive staining of CHOP was manifested as yellow or brown in the cytoplasm (Fig. 6B) . On optical density analysis, positive staining optical density of CHOP was significantly higher in the untreated diabetic group than in the normal control group (P < 0.01). Ginsenoside Rg1 treatment resulted in a decreased positive staining optical density of CHOP in a dose-dependent manner (Fig. 6C) . The positive staining of Caspase-12 manifested itself in yellow or brown colour in the cytoplasm. Optical density analysis showed that Caspase-12 expression was significantly higher in the untreated diabetic group than in the normal control group (P < 0.01). The findings suggest that ginsenoside Rg1 treatment was associated with a reduction in Caspase-12 expression in a dose-dependent manner.
GRP78, CHOP and Caspase-12 protein levels by Western blot analysis
Representative GRP78 band with a molecular weight of 78 kD of Western blot analysis is shown in Figure 7A . Myocardial GRP78 protein level was increased in untreated diabetic rats compared with normal control rats (P < 0.01). Ginsenoside Rg1 20 mg/kg treatment significantly decreased myocardial GRP78 protein level than in the diabetic rat models (P < 0.01). Figure 7B shows the representative CHOP band with a molecular weight of 29 kD on Western blot analysis. An increased CHOP protein level was observed in untreated dia- betic rats as compared to the normal controls (P < 0.01). Ginsenoside Rg1 20 mg/kg treatment significantly decreased CHOP protein level in the myocardial tissues as compared to that in the untreated diabetic rats (P < 0.01). Further, the normal rat myocardium showed Caspase-12 band with a molecular weight of 40 kD, and a weak band with a molecular weight of 17 kD. An increase in cleaved Caspase-12 protein level was observed in untreated diabetic rats as compared to that in the normal controls (P < 0.05). Ginsenoside Rg1 20 mg/kg treatment significantly reduced cleaved Caspase-12 protein level in the myocardial tissues than those in the untreated diabetic rats (P < 0.05; Fig. 7C ).
Discussion
In the current study, we established a diabetes model with a diet rich in fat and sugar content, and STZ 40 mg/kg injection. Histological examination of the haematoxylin and eosin and Masson-stained sections of diabetic rat heart tissue showed disordered myocardial cells, rupture of myocardial fibres and interstitial fibrosis. Diabetic cardiac hypertrophy was demonstrated by echocardiography. Occurrence of myocardial insult was substantiated by elevated cardiac enzyme levels. TUNEL staining demonstrated enhanced apoptosis in cardiocytes in diabetic rats. The key findings emanating from this study are that ginsenoside Rg1 treatment was associated with attenuation of histopathological changes in diabetic myocardium; reduced serum cTnI levels and the biochemical markers of myocardial cellular injury; improved parameters of cardiac function; decreased myocardial cell apoptosis; reduced GRP78, CHOP and cleavage of Caspase-12 protein expression. Our previous study [27] indicated that there were no statistically significant changes in the serum levels of fasting blood glucose (FBG), total cholesterol (TC) and triglyceride (TG). The findings suggest that ginsenoside Rg1 attenuated diabetic myocardial damage in STZ-induced diabetic rats through reducing the CHOP/Caspase-12-induced apoptosis in ER stress.
The underlying mechanism of diabetic cardiomyopathy is complex [28] . Hyperglycaemia-induced apoptosis in cardiomyocytes is considered to be an important mechanism of diabetic cardiomyopathy [29] . Multiple pathological stimuli including ischaemia, oxidative stress, hypoxia, hyperglycaemia, and hyperlipidaemia are known to cause ER stress. However, exposure to high glucose levels appears to be the central mechanism of ER stress [30] . Endoplasmic reticulum plays a crucial role in cellular homeostasis. Excessive or prolonged ER stress can eventually trigger cell apoptosis [31] . Activation of GRP78 protein expression is a well-established marker of ER stress. Endoplasmic reticulum stress-related apoptotic signalling proteins include CHOP, Caspase-12 and c-JunN-terminalkinase (JNK) pathway. Of these three signalling proteins, Caspase-12 and CHOP are specific apoptotic pathways of ER. In this study, upregulation of GRP78, CHOP and cleaved Caspase-12 protein expression was found in the diabetic myocardium, which indicates that excessive ER stress was involved in the pathology of diabetic cardiomyopathy. Treatment with ginsenoside Rg1 attenuated diabetic myocardial injury as well as decreased apoptosis in cardiocytes. In addition, ginsenoside Rg1 treatment appeared to reduce GRP78 and CHOP, and cleaved Caspase-12 protein expres- sion in a dose-dependent manner. Together these findings suggest that the cardioprotective effect of ginsenoside Rg1 may be mediated through the ER stress-induced apoptosis. Several studies have investigated the cardioprotective effects of ginsenoside Rg1. Ginsenoside Rg1 has been shown to prevent rat LV hypertrophy and cardiac dysfunction [23] , protect rat cardiomyocytes from hypoxia/reoxygenation oxidative injury [32] , prolong ventricular refractoriness and repolarization in dogs [33] , attenuate rat myocardial injury induced by ischaemia and reperfusion [25] , and protect high glucose-induced myocardial hypertrophy [34] . Various properties including antioxidation, anti-apoptosis and inhibiting ER stress have been attributed to the cardioprotective effects of ginsenoside Rg1 [22] . In addition to inhibiting ER stress-induced apoptosis in diabetic rats, ginsenoside Rg1 treatment also reduced neuron [35] , tubular cell [36] , lymphocyte [37] , PC12 cell [38] , human endothelial cell [39] and Jurkat cell apoptosis [40] . Therefore, downregulation of excessive cell apoptosis appears to play a dominant role in the cardioprotective mechanism.
Some potential limitations of our study need to be taken into account while interpreting the study results. First, STZ-induced DM is a reflection of type 1 diabetes rather than type 2 diabetes [41] . Therefore, the current diabetic rat model might not be representative of the pathologic processes in type 2 diabetes. More preclinical studies based on type 2 diabetic rat models are needed to substantiate these results. Secondly, ER is known to interplay with mitochondria in regulating apoptosis; however, we did not address the role of the mitochondrial pathway in this study. Further studies are needed to elucidate any additional signal pathways including mitochondrial pathway that may be involved in mediating the cardioprotective effects of ginsenoside Rg1 treatment.
In summary, the present study indicates that ER stressinduced apoptosis plays a role in the pathophysiology of diabetic cardiomyopathy. Ginsenoside Rg1 treatment attenuated diabetic myocardial damage in STZ-induced diabetic rats by reducing ER stress-induced apoptosis. Our findings reveal a novel mechanism of action of ginsenoside Rg1 in the management of diabetic cardiomyopathy.
